An epoch of Higgs relaxation may occur in the early universe during or immediately following postinflationary reheating. It has recently been pointed out that leptogenesis may occur in minimal extensions of the Standard Model during this epoch [1] . We analyse Higgs relaxation taking into account the effects of perturbative and non-perturbative decays of the Higgs condensate, and we present a detailed derivation of the relevant kinetic equations and of the relevant particle interaction cross sections. We identify the parameter space in which a sufficiently large asymmetry is generated.
I. INTRODUCTION
During the inflationary era, the Higgs field may develop a stochastic distribution of vacuum expectation values (VEVs) due to the flatness of its potential [2] [3] [4] [5] [6] [7] [8] [9] , or it may be trapped in a quasi-stable minimum. In both cases, the Higgs field relaxes to its vacuum state via a coherent motion, during which time the Sakharov conditions [10] , necessary for baryogenesis, are satisfied by the time-dependent Higgs condensate and the leptonnumber-violating Majorana masses in the neutrino sector. At large VEVs, the Higgs field may be sensitive to physics beyond the Standard Model, which can generate an effective chemical potential which increases the energy of antileptons in comparison to leptons. In Ref. [1] , we used a O 6 operator familiar from spontaneous baryogenesis models (e.g., [11] ) to produce a baryon asymmetry matching cosmological observations.
In this work, we build on our previous analysis. In particular, we replace the estimate of the Higgs-neutrino cross section with a tree-level calculation which includes resonant effects. Additionally, we include the effects of Higgs condensate decay, with both perturbative and nonperturbative contributions. We also present a detailed derivation of the relevant Boltzmann equation. Additionally, the effective O 6 operator can be generated through fermionic loops; therefore, its scale can be set either by some heavy mass scale or by the temperature of the plasma. We consider additional combinations of these scales along with mechanisms to generate the large Higgs VEV during inflation, and in particular, we also present an analysis of the relevant parameter space.
We note that as in Ref. [1] , we consider an asymmetry produced via the scattering of neutrinos and Higgs bosons in the plasma produced by the decays of the inflaton, and therefore this scenario requires a relatively fast reheating. This is in contrast to Ref. [12] , which similarly considered the same O 6 operator but produced the matter asymmetry via the decay of the Higgs condensate.
While we focus here on the relaxation of the Higgs field, it has also been observed that the axion field can undergo a similar post-inflationary relaxation [13, 14] , and our analysis can easily be extended to this scenario.
The structure of this paper is as follows. In the next section, we consider two specific mechanisms by which the Higgs field can acquire a large vacuum expectation value during inflation. In the scenarios considered here, the subsequent evolution of the Higgs VEV produces an effective chemical potential, which influences the interactions of leptons in the thermal plasma produced via reheating. The presence of the plasma, however, also influences the evolution of the Higgs VEV through finite temperature corrections to the effective potential. Therefore, we discuss reheating in section III before we consider the evolution of the Higgs condensate in section IV. Next, we introduce a higher-dimensional operator, involving only Standard Model fields, which represents new physics at some high energy scale. In section V, we demonstrate that, while the Higgs VEV is in motion, this operator induces an effective chemical potential which distinguishes leptons from antileptons. We derive the resulting Boltzmann equation for lepton number in section VII. In section VIII, we present a numerical analysis covering a variety of initial conditions and scales for new physics, and we identify the allowed parameter space for a successful leptogenesis.
II. INITIAL CONDITIONS FOR THE HIGGS VEV
We begin by motivating our project with the observation that the Higgs field can acquire a large vacuum expectation value (VEV) for a variety of reasons during inflation; therefore, an epoch of post-inflationary Higgs relaxation is a general feature of many cosmological scenarios. In this work we are interested in generating an excess of leptons over antileptons during this epoch.
When we generate the lepton asymmetry during this epoch of Higgs relaxation, we will find that the resulting asymmetry depends on the initial value of the VEV, denoted φ 2 = φ 0 . During inflation, quantum fluctuations of the Higgs field were ongoing, and therefore different patches of the Universe had slightly different
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VEVs at the end of inflation. Regions that begin with slightly different φ 0 values consequently develop different baryon asymmetries. This produces unacceptably large baryonic isocurvature perturbations [15] , which are constrained by CMB observations [16] . Therefore, in order to suppress isocurvature perturbations in the late universe, it is necessary to have a small variation in these values.
In this section, we discuss two ways of generating the requisite large VEVs while suppressing the variation between different spacetime regions: through quantum fluctuations, which are suppressed by a Higgs-inflaton coupling until the end of inflation, and by trapping the Higgs field in a false vacuum.
The Standard Model Higgs boson has a tree-level potential
where Φ is an SU(2) doublet. The classical field may be written as
where φ(x) is a real scalar field. The parameters m and λ, although constant at tree-level, are modified by both loop and finite temperature corrections. For the experimentally preferred top quark mass and Higgs boson mass, loop corrections result in a negative running coupling λ at sufficiently large VEVs, with the result that the φ = v EW = 246 GeV minimum is metastable at zero temperature [17] . We note, however, that a stable vacuum is possible within current experimental uncertainties [17] . The running of the quartic coupling produces a shallow potential, which has the consequence that that a large VEV develops during inflation due to quantum fluctuations, at least in the regime in which the Standard Model vacuum is stable [8] . We consider this sort of scenario in subsection IC-2 below. Alternatively, the metastability of the electroweak vacuum is frequently possible within the inflationary paradigm [18] , and the Higgs potential may be sensitive to higher-dimensional operators which lift the second minimum. We consider this scenario in the subsequent subsection.
A. IC-1: Metastable Vacuum at Large VEVs
At the large VEVs, the Higgs potential may be sensitive to the effects of higher-dimensional operators, which can lift the second minimum and consequently stabilize the electroweak vacuum. The Higgs VEV may take an initial large value during inflation, similar to the initial VEV of the inflaton field itself in chaotic inflation models. During inflation, such a VEV evolves towards the false vacuum from above, and then remains trapped in this false vacuum until destabilized by thermal corrections in reheating. Subsequently, the field rolls to the global minimum at φ = 0, until electroweak symmetry is broken at a significantly later time.
In order to lift the second minimum, we consider terms of the form
This non-renormalizable operator may be viewed as an effective operator arising from integrating out heavy states in loops. During inflation, thermal corrections in the supercooled universe are insufficient to destabilize the metastable vacuum. We also ensure that the quantum fluctuations (discussed in detail in the next subsection) do not destabilize the vacuum by requiring that the potential barrier height ∆V H 4 I . In order to suppress the above-mentioned isocurvature perturbations, we will ensure that fluctuations about the false minimum are able to relax back to the minimum, for which it is sufficient to ensure m eff ∼ d 2 V /dφ 2 > H I in the region probed by quantum fluctuations.
As a specific example, we consider the Higgs potential with one loop corrections [17] with the experimentally preferred values m h = 126 GeV and m t = 173.07 GeV. Taking Λ lift = 6.52 × 10
15 GeV gives a metastable minimum near φ = 10
15 GeV, with a potential barrier height of ∆V ≈ 10 53 GeV 4 . We will consider H I ∼ 10 11 GeV; in addition to being insufficient to probe the region beyond the barrier, this is less than the effective mass m eff ∼ 10
13 GeV in the region probed by quantum fluctuations. Provided that the maximum reheat temperature is greater than ∼ 5 × 10 13 GeV, thermal corrections during reheating are sufficient to destabilize this vacuum.
B. IC-2: Quantum Fluctuations
The running coupling constant λ results in a shallow potential, and during inflation, scalar fields with slowly rising potentials generically develop large VEVs. Qualitatively, the scalar field in a de Sitter space can develop a large VEV via quantum effects, such as Hawking-Moss instantons [2, 3] or stochastic growth [4] [5] [6] . The field then relaxes to its equilibrium value via a classical motion, which requires a time
If the universe expands sufficiently quickly during inflation, then relaxation is too slow and quantum jumps occur frequently enough to maintain a large VEV. Specifically, large VEVs occur if the Hubble parameter H I = 8π/3Λ
φ . For field values φ that satisfy this relation, Hubble friction is sufficient to prevent the system from relaxing to its equilibrium value φ = 0. Averaged over superhorizon scales, the mean Higgs VEV is such that V (φ I ) ∼ H 4 I [2, 3, 8] , provided that this VEV does not probe the second vacuum in the case that the electroweak vacuum is quasistable.
Although the average vacuum expectation value is φ I , there is variation between the VEVs of different horizonsized patches. Consequently, different patches of the observable universe began with different φ 0 values, and as discussed above, this generically results in unacceptably large isocurvature perturbations. However, also as mentioned, the Higgs potential is sensitive to the effects of higher-dimensional operators at large VEVs; here we use such operators to limit the growth of the Higgs VEV to the last several e-folds of inflation. This has the result that the isocurvature perturbations are limited to smaller angular resolution scales than have been experimentally probed. Specifically, we introduce one or more couplings between the Higgs and inflaton field of the form
which increases the effective mass of the Higgs field during the early stages of inflation, when I is large (superplanckian, in the case of chaotic inflation). As explained above, when τ
φ ∼ m eff (φ I ) ∼ H I the expansion of the universe is not sufficiently rapid to trap the field at large VEVs. At the end of slow-roll inflation, I decreases; consequently this term becomes negligible and the Higgs acquires a large vacuum expectation value.
If the Higgs VEV grows during the last N last e-folds of inflation, it reaches the average value
Provided N last ≈ 5 − 8, the baryonic isocurvature perturbations develop only on the smallest angular scales which are not yet constrained. We emphasize that operators of the form (5) may be viewed as effective operators arising from integrating out heavy states in loops. We note that the change in I during the slow-roll phase of inflation is model-dependent, and consequently the allowed range of parameters c, m, and n differs from model to model. This range may be quite narrow, and so this scenario may require some finetuning.
As a concrete example, we consider only the term,
which induces an effective mass m eff ( I ) = I n /M n−1
for the Higgs field. We define I 1 as the VEV of the inflaton field value at the end of slow roll inflation, and I 2 as the VEV of the inflaton field 8 e-folds before the end of slow roll inflation. To ensure that the Higgs VEV grows only during the last e-folds, we must choose parameters such that m eff (I 2 ) ≈ H I . We illustrate this approach with quartic inflation (although this is disfavored observationally; see Ref. [16] ). With the inflaton potential V I = λ I I 4 , slow roll inflation ends when the inflaton as a vacuum expectation value of
The number of e-folds during the time in which the inflaton evolves from I to I 1 is
which gives
(Although this field value is superplanckian, this is a feature of quartic inflation which does not necessarily apply to other inflationary models.) The Hubble parameter at this field value is given by
The quartic coupling λ I must be < ∼ 10 −13 in order to avoid large CMB temperature anisotropies, which gives M ∼ 10 6 M Pl for both n = 2 and n = 4. In this way, a coupling between the Higgs field and the inflaton field can prevent the Higgs VEV from growing until the last several N -folds of inflation, suppressing the scale of isocurvature perturbations. As this example illustrates, the constraints on the Higgs-inflaton coupling depends on the shape of the inflaton potential. Although we have demonstrated an explicit calculation using a quartic inflationary potential, a similar calculation can be done with other potentials.
Our analysis of the final asymmetry will depend only on the VEV of the Higgs field at the end of inflation, which as noted above is φ 0 = min[φ I , √ N last H I /2π] provided that the parameters in whatever inflationary model is used are chosen such that the Higgs VEV does not begin to grow until the last N last -folds of inflation. Therefore, we do not specify a specific inflationary model in our analysis, and we take the inflationary scale Λ n and the inflaton decay rate Γ I to be free parameters.
III. REHEATING
Now that we have established that the Higgs field can develop a large VEV during inflation, we are interested in its subsequent evolution to its equilibrium value. Relaxation begins when the Hubble parameter is comparable to the effective mass of the Higgs field, m eff (φ) ≈ H(I), which is within the reheating epoch. Therefore, this relaxation is sensitive to finite temperature effects due to the plasma, and so we now proceed to discuss reheating.
In both scenarios, whether IC-1 or IC-2, we ensure that the energy density is never dominated by the Higgs field. Inflaton oscillations dominate until the transition to the radiation dominated era, which occurs when the inflaton decay width is comparable to the Hubble parameter, Γ I ∼ H RH , which typically occurs after the Higgs field has lost a significant portion of its energy. Consequently, the reheat temperature T RH ∼ √ Γ I M Pl , is generally only weakly constrained [19] .
For simplicity, we assume coherent oscillations begin instantly at the end of the inflationary epoch, and as a simple model, we assume that the inflaton decays entirely to radiation at a constant rate,
where
is the energy density of the inflaton field. The evolution of the Hubble parameter is given by
This is a complete system of equations that may be solved independently of the evolution of the Higgs condensate. Throughout this work, we take t = 0 to be the beginning of the coherent oscillation of the inflaton field; during the coherent oscillation epoch, the universe evolves as if it were matter dominated, until the radiation from reheating dominates. During reheating, the effective temperature of the plasma is defined using the radiation density as
For
, the temperature evolves as
until it reaches the reheat temperature T R ∼ √ Γ I M Pl . Subsequently, radiation dominates the energy density and the temperature evolves as
IV. EVOLUTION OF THE HIGGS VEV
We now turn our attention to the relaxation of the Higgs VEV, which evolves as [20] 
where V φ (φ, T ) is the Higgs effective potential, including modifications from the decays of the condensate [8] . Γ H describes the effect of the perturbative decay of the condensate. In the first subsection below, we discuss the one-loop corrected potential, including one-loop corrections to the RG equations. Subsequently, we consider the non-perturbative decay of the Higgs condensate, followed by perturbative decay. Finally, we present a numerical analysis of the evolution of the Higgs condensate, before we proceed to the next section which introduces the relevant higher dimensional operator we use to produce the nonzero lepton asymmetry.
A. Effective Potential
The Standard Model Higgs potential computed to a fixed order in perturbation theory is generally gaugedependent, although the value of the potential at the extrema are not (see, for example, [21, 22] ). One can ensure gauge-invariant results by removing the gaugedependence of the potential using Nielsen identities [23] [24] [25] . Here we use the Landau gauge, which has good numerical agreement with the corrected potential [21, 26] . In our analysis, we have used the one-loop corrected potential [27] , with running couplings (including one-loop corrections to the renormalization group (RG) equations, as given in [17] ). The one-loop potential is
where µ is the renormalization scale and the tree-level masses for the Higgs boson, Goldstone mode, W bosons, Z boson, and top quark are
We have also included the finite temperature corrections [28, 29] ,
and we have ignored the contributions from Higgs bosons and Goldstone mode, which only dominate when φ < ∼ v EW . We emphasize that we do not use the high temperature expansion, as during reheating the condition
is not satisfied at all times. The renormalization scale µ is taken to be φ 2 + T 2 .
We note that two-loop corrections may be significant at the boundary of the metastability region [17] ; however, a self-consistent analysis at two-loop order would include finite temperature effects in the RG equations, which is beyond the scope of this work.
After the Higgs VEV passes through zero, it generally oscillates around its minimum at φ = 0, which remains a minimum for T v EW . During this oscillation, the Higgs condensate can then decay perturbatively and nonperturbatively into Standard Model particles. The nonperturbative decay happens much faster than the perturbative decay and is the dominant channel, as pointed out by [8] . We now proceed to discuss the effect of these decays.
B. Non-Perturbative Decay
First, we consider non-perturbative decay. The oscillation of the Higgs field provides a time-dependent mass term for all the coupled particles, which can cause resonant production of the particles. The produced particles then induce an effective mass term to the Higgs condensate as a backreaction; this attenuates the oscillation of the Higgs field until the resonant production is off [8, 30] .
The non-perturbative decay channel of Higgs is dominated by h → W W, ZZ. The Lagrangian containing the Standard Model weak gauge fields and the Higgs sector is
where the kinetic terms of the gauge fields can be expanded as
Since the non-Abelian contributions are small at the beginning of the resonant production of W and Z bosons, we ignore those terms [8, 30] . We also work specifically in flat FLRW spacetime, g µν = a 2 (τ ) η µν , with conformal time τ = a −1 dt. The resonant production of the weak gauge fields, A µ = W ± µ orZ µ , in momentum space is then described by
and
and prime denotes differentiation with respect to conformal time dτ . A T k, t and A L k, t are the transverse and longitudinal components of the spatial component A k, t , respectively. The mass term m 2 A (φ) is given in Eq. (19) and can include the thermal correction by replacing φ 2 → φ 2 + C A T 2 where we use C W = 2/3, and C Z < 1 is determined by diagonalizing the mass matrix [31] . Due to extra friction term in Eq. (27) for the longitudinal component A L , we expect the resonance production of this mode to be suppressed. A 0 , which depends only on A L through Eq. (25) , should also be suppressed [30] . Hence, we focus on the transverse mode A T only.
Resonant production of particles can be understood as the amplification of vacuum fluctuations. The number of particles in each mode produced from the vacuum is
The initial conditions are taken to be the WKB approximation of the vacuum solution,
which satisfy n k (0) = 0 and the Wronskian condition AA * − A * A = i. Fig. 1 shows the amplification of the W field, which increases each time the Higgs VEV passes through zero. The number density n k is shown in Fig. 2 . It has a sequence of flat steps, which are separated by peaks. Those peaks occur when φ = 0; due to the rapidly changing mass, the number of particles is not well defined at these points. Particle number is well defined only when φ reaches a local maxima or minima. We approximate the particle number of A µ quanta within each oscillation of φ by its value whenφ = 0, which is supported by the flatness of the steps in Fig. 2 . The resonant production begins once the Higgs VEV starts to oscillate at τ ∼ 800/φ 0 . The decrease of n k at τ ∼ 2500/φ 0 indicates the system has a stochastic resonance, which is a distinctive feature of parametric resonance in an expanding universe [32] . The resonant production then ceases at τ ∼ 3300/φ 0 because the amplitude of φ has decreased to the order of T .
If we approximate the oscillation of the Higgs VEV by φ(τ ) = φ m cos(ω φ τ ), we can write Eq. (26) as a Mathieu equation of the form
The Mathieu equation has an instability only when b > ∼ m 2 . Thus, resonant production is suppressed for
The produced W and Z fields induce an effective mass for the Higgs field as a backreaction,
where the expectation value of A = W, Z can be approximated as [8, 32] 
In general, the integral in Eq. (34) will need to be regularized. However, in our case there is no significant contribution from n k values with k > ∼ k max , and so the integral is finite. The upper limit can be approximated by k max . One can then include the non-perturbative decay of the Higgs by adding the induced mass terms Eqs. (32) and (33) into the Higgs potential in Eq. (17) . Fig. 3 shows an example of the Higgs evolution with the non-perturbative decay for the IC-1 scenario. The increasing effective masses from W and Z affect the oscillation of Higgs when m 2 φ,A > ∼ T ; these decrease the amplitude of the Higgs oscillation. When the Higgs VEV decreases to φ < ∼ T , the resonant production of W and Z end, because the non-perturbative decay channel is blocked by the large W and Z thermal masses. In this case, one has only to consider perturbative decay channels, discussed in subsection IV C.
Note the generated W and Z bosons can decay perturbatively into fermions. This decay could in principle obstruct the resonant production of W and Z in the usual Standard Model case [33, 34] . However, in the parameter space that we are interested in, the average decay times of W and Z bosons Γ W, Z −1 are longer than the semiperiod of the Higgs oscillation. Thus, we have ignored the decay of W and Z in our analysis.
The analysis in this subsection can be improved by using a lattice gauge theory [34, 35] . However, as Fig. 3 demonstrates, the non-perturbative decay of the Higgs condensate is relevant only after several oscillations, whereas in our scenario the asymmetry will be generated primarily during the initial oscillation of the Higgs VEV. 
C. Perturbative Decay -Thermalization
The perturbative decay of the Higgs condensate is described by the friction term Γ Hφ in the equation of motion (17) . The decay width can be computed through the imaginary part of the self-energy operator
where m eff = Re ∂ 2 V φ (φ, T ) /∂φ 2 is the effective mass of the Higgs boson. In a finite-temperature thermal background, Γ H corresponds to the thermalization rate of the Higgs condensate.
Here we consider the fermionic decay channels, motivated by the large top Yukawa coupling. (The dominant bosonic channels, W W and ZZ, are included in the non-perturbative calculation, which dominates their perturbative contribution.) In the thermal bath of fermions, there are additional excitations which are the removals of antiparticles from the Fermi sea (holes). The dispersion relations for particles and holes are [31, 36, 37] 
whereω (k) = ω/T ,k = k/T , and the subscripts p and h refer to particles and holes respectively. Eq. (37) can also be expressed aŝ ω h =k coth k2
which is a convenient form for numerical purposes. We will specify the necessary coefficient g T below. In these equations, we have made the approximation that the leftand right-handed fermions have the same thermal mass m (T ) = g T T ; generically, this is not true because they are in different representations of the Standard Model gauge group. However, this difference, which is much smaller than the difference between the particle and hole contributions, is negligible [31] .
The dominant fermionic contribution to the thermalization of the Higgs condensate is from the top quark, due to the large top-Higgs Yukawa coupling. The thermal mass of the left-handed top quark is [31] 
where M i are the physical masses at T = 0, and the strong coupling g s ∼ = 1.220.
The presence of particles and holes in the fermionic plasma provides two thermalization processes for the Higgs condensate. A Higgs boson can decay into a pair of particles or a pair of holes respectively if
is satisfied. The contribution of each process to the decay width is
where y t is the top Yukawa coupling, and
are the fermion distribution functions. Although this decay channel is blocked when m φ < 2 min [ω h (k)], a Higgs boson can also be absorbed by a hole to produce a particle. The contribution of this absorption channel to the width is
where the index i sums over the solutions of
The total thermalization rate is then the sum of two channels ImΠ = ImΠ abs + ImΠ dec . For IC-1, Fig. 4 shows the thermalization rate of the Higgs condensate through the top quark compared with the Hubble parameter. We see the thermalization rate is comparable to the Hubble parameter only after the maximum reheating has been reached. Therefore, the evolution of the Higgs VEV is affected only at the end of reheating later time of reheating as shown in Fig. 4 We have repeated the above analysis with the bottom quark in place of the top quark and verified numerically that its contribution is negligible; we also note that plasma effects can delay thermalization [38] . We also remark that particularly for IC-2, the thermalization rate is frequently much smaller than the Hubble parameter. Since thermalization occurs on such long time scales, it has no effect on our analysis.
D. Numerical Results
Figures 5 and 6 illustrate the evolution of the Higgs VEV (and temperature) as functions of time. For IC-2, the relevant inflaton parameters are Λ I = 10 17 GeV and Γ I = 10
8 GeV, and we have assumed N last = 8 to determine φ 0 , which does not probe the quasistable vacuum. For IC-1, we have used the operator (with the numerical parameters) discussed in section II A to lift the second minimum, along with the inflationary parameters Λ I = 10
15 GeV and Γ I = 10 9 GeV. For both plots, we use 126 GeV and 173.07 GeV for the masses of the Higgs boson and top quark respectively.
We briefly remark on the qualitative features of these plots. Although in IC-2, the Higgs VEV is constrained to grow only in the last 8 N -folds of inflation, it may still reach a large value if H I is large; for these inflationary parameters, H I = 2 × 10 15 GeV. For other choices of Λ I , the initial VEV φ 0 for the IC-2 scenarios is significantly smaller. Conversely, in our IC-1 scenario, the initial VEV φ 0 ≈ 10 15 GeV is set by the parameters chosen in section II A.
In scenario IC-1, the Higgs VEV remains approximately constant at short times, until reheating is sufficient to destabilize the second minimum, whereas in IC-2 the field relaxes as soon as the Hubble parameter becomes sufficiently small. Subsequent oscillations have a larger amplitude in the IC-1 scenario; this is due to the difference in Λ I values, which result in less Hubble friction, and that the additional term (3) contributes to the velocity of the VEV.
A notable feature in 5 is that shortly after maximum reheating, the Higgs condensate begins to oscillate more rapidly. This is due to the non-perturbative decay of the Higgs condensate, as illustrated in Fig. 3 above. (In the IC-2 scenario, such features are not relevant due to the rapid decay of the amplitude of oscillation. ) We see that both the thermal decay of the condensate and the non-perturbative decay of the condensate have little effect on first approach of the VEV to zero; in the scenario we outline below, the lepton asymmetry is generated primarily during this swing, and therefore, these processes have little effect on the total asymmetry generated.
V. EFFECTIVE CHEMICAL POTENTIAL
In the Introduction, we observed that the Higgs potential may be sensitive to the effects of higher dimensional operators, which are normally suppressed by powers of a high scale. In section II, we have seen how such operators can be used to make a quasistable minimum in the Higgs potential or to suppress the growth of the Higgs VEV until the end stages of inflation. Now, we consider an operator, involving only Standard Model fields, which generates an effective external chemical potential for leptons (and also baryons). This operator is
where j µ is the fermion current of all fermions which carry SU L (2)×U Y (1) charge. We observe that the zeroth component of (45) is the B + L charge density.
We now consider how an operator of this form can be generated. Within the Standard Model itself, one can use quark loops and the CP-violating phase of the CKM matrix [39, 40] to generate an effective operator of the form
where W and A are the SU L (2) and U Y (1) gauge fields respectively. This term is small due to the small Yukawa couplings and small CP-violating phase. However, a term of the same form can be generated by replacing some or all of the quarks with heavier fermions, which may have larger Yukawa couplings and/or CPviolating phases. The scale in the denominator may be T , due to thermal loops, or the mass scale of these fermions, M n [39] [40] [41] [42] . In the latter case, it is important that the fermions not acquire masses through the Higgs mechanism; otherwise, the Higgs VEV dependence in this term cancels out. Such fermions may acquire soft masses similarly to higgsinos and gauginos in supersymmetric models.
This operator could be generated in a UV-complete model. As a concrete example, we mention the fully renormalizable Lagrangian
where ψ 1i are a set of SU(2) doublets, while ψ 2 is a singlet under both SU(2) and U(1). Despite the explicit mass terms, this Lagrangian is invariant under SU(2) rotations provided that both right and left components of the ψ 1i doublets couple vectorially to gauge bosons. The phases of the ψ 1i doublets may be fixed by eliminating the phases in the mass matrix. Provided that i ≥ 3, there are more phases δ i than can be eliminated by rotating the Higgs field φ and the singlet ψ 2 . Fermionic loops such as those in [39, 40] , which involve sums of the Yukawa couplings y i e iδi due to insertions of the Higgs VEV φ generate an effective operator of the form (46) . In this case, the scale in the O 6 operator is Λ n ∼ M ∼ m.
Once an effective operator of the form (46) is generated, it may be transformed into (45) through the electroweak anomaly equation [11] . However, this is only justified if the electroweak sphalerons are in thermal equilibrium [43, 44] . Otherwise, the operator (46) involves the Chern-Simons number density, which is not changed by Higgs relaxation unless the phase of the Higgs VEV evolves. At least for slowly evolving Higgs VEVs, the sphaleron transition rate per unit volume at finite temperature is
where the exponential factor accounts for the suppression due to being in the broken phase. As both the Higgs VEV and the temperature are quickly evolving in the scenario considered here, it may be difficult to arrange for the electroweak sphalerons to be in thermal equilibrium. However, additional gauge groups which couple to fermions can contribute to the anomaly and generate the requisite term, as discussed in Appendix A in [12] . For our purposes, we simply consider a scenario with operator (45) without specifying the mechanism by which it is generated. Returning to equation (45), we observe that integrating by parts and dropping an unimportant boundary term gives
In the case where Λ n = M n a constant (for example, the mass scale of a fermionic loop, as outlined around Eq. (47)), this becomes
If thermal loops generate this term instead, then this becomes
provided that the temperature is slowly varying on the time scales of the Higgs oscillation. In the IC-1 scenario specifically, the Higgs VEV remains trapped until there is sufficient reheating, which generally ensures that the temperature will be slowly varying during the evolution of the Higgs condensate. Since the Higgs VEV varies only in time, these equations become
For each fermionic species, its contribution to this term can be combined with its kinetic energy term,ψ(i / ∂)ψ, which is equivalent to the replacement This effective raises the energy of antiparticles,
n . This can be interpretted as an external chemical potential; further remarks along these lines are discussed in Appendix A. In the presence of a leptonnumber-violating interaction, the system will relax to its equilibrium state, in which the number of particles exceeds the number of antiparticles. For future reference, we define the effective external chemical potential,
As an effective chemical potential, this operator spontaneously breaks not only CP , but in fact, CP T [45] . This operator has been used previously in spontaneous baryogenesis models utilizing gauge [11, 35, [46] [47] [48] or gravitational [49] interactions.
VI. LEPTON NUMBER VIOLATING PROCESSES
The universe can relax to its equilibrium state with nonzero lepton and baryon number only if there exists some lepton-number or baryon-number violating process. In order to induce such processes, we consider a minimal extension of the Standard Model with the usual seesaw mass matrix in the neutrino sector [50] . In theories with a nonzero Majorana mass, the effective lepton number L is the sum of the lepton numbers of the charged leptons and the helicities of the light neutrinos. This is conserved in the limits M R → ∞ and M R → 0, but it is not conserved for a finite M R . Insertions of the Majorana mass induce lepton-number-violating processes such as those shown in Fig. 7 .
We further require that the Majorana mass M R be significantly greater than both the maximum reheat temperature and the initial mass of the Higgs bosons within the condensate (m eff (φ 0 )), which suppresses the production of right-handed neutrinos both from thermal production and the decay of the Higgs condensate. Consequently, the contribution from the typical leptogenesis scenario [51] is strongly suppressed.
The lepton-number-violating diagrams shown in Fig. 7 necessarily involve the exchange of the heavy righthanded neutrino in order to violate lepton number, and therefore are comparatively suppressed, leading to a naturally small value for the asymmetry.
In order to calculate the thermally averaged cross section σv for these processes in the early universe, we need to know the number densities of neutrinos and Higgs bosons. These can be produced directly through the decay of the inflaton, or in the thermal plasma through weak interactions, involving weak bosons with masses m W ∝ φ(t). Generically these weak interactions may be in or out of equilibrium the plasma created by inflaton decay; however, when φ(t) ∼ 0, these interactions will be in equilibrium and equilibrate the distributions of charged and neutral leptons. To be concrete, we will use a thermal number density of each of these species. The calculation of the cross section and reaction rate are given in Appendix B.
We note that y 2 /M R is set by the mass scale of the left-handed neutrinos, such that
The cross section found in Appendix B is to a good approximation a function of y 2 /M R only. There is a resonance in the s-channel contribution to the cross section; however, we found numerically that this resonance does not change the result appreciably. This is not unexpected as the energy scale, which is set by the temperature, remains significantly below the right-handed Majorana mass scale at all times.
As we will discuss below, sphaleron processes later convert this lepton charge asymmetry into a baryon asymmetry, as in the typical leptogenesis scenario [51] .
VII. BOLTZMANN TRANSPORT EQUATION
The reactions discussed in Section VI are generally not sufficient to establish equilibrium, due to the suppression from the large Majorana mass. (Recall that we have assumed φ 0 M R and T max M R in order to suppress the typical leptogenesis mechanism.) The relaxation of the system towards equilibrium can be described by a system of Boltzmann equations, based on detailed balance. The rate of change in the neutrino number density is [52] 
where γ eq (A → B) is the equilibrium spacetime rate for the process A → B. We will assume that interactions are sufficiently fast that the Higgs bosons have their equilibrium density, and in equilibrium, the rate for the process A → B is equal to the rate of B → A. Therefore this simplifies tȯ
while for antineutrinos we find the similar equatioṅ
Since we are interested in the order of magnitude of the final asymmetry, we simplify to the case in which there is only a single neutrino species. Subtracting Eq. (57) from Eq. (58) gives a Boltzmann-type equation for the difference
The rates γ eq (A ↔ B) refer to the process A ↔ B in equilibrium, but in the presence of the O 6 operator, which alters the energy of particles and antiparticles. Consequently, these reaction rates are not generally equal to the rates one would find in the absence of the O 6 operator; however, the difference appears at a higher order in E 0 /T [43] and so we will neglect it. This has the consequence that the rates for h 0 h 0 ↔ ν L ν L and h 0 h 0 ↔ν LνL are equal. We will use the subscript 0 to denote reaction rates calculated without the O 6 operator.
We next substitute n eq ν L = e E0/T n eq 0 and n eq ν L = e −E0/T n eq 0 , where n eq 0 = T 3 /π 2 is the equilibrium number of left-handed neutrinos (or antineutrinos), when E 0 = 0. Expanding the resulting equation to lowest order in
where we have introduced the notation n tot L = n ν L + nν L , and we have dropped terms quadratic in the asymmetry (e.g., n
The reaction rates are calculated in Appendix B. From this equation, we observe that the equilibrium asymmetry is
During subsequent oscillations of the Higgs VEV, the chemical potential changes sign. However, due to the large suppression in the cross section, significant washout can be avoided if the Higgs oscillation amplitude decreases rapidly. This is in contrast to Ref. [47] , in which 15 GeV and ΓI = 10 9 GeV. Purple (Blue) line corresponds to the result with (without) the thermalization through the top quark. The top diagram corresponds to times before maximum reheating, whereas the bottom diagram corresponds to times after maximum reheating.
washout was avoided by using coherent oscillations of the inflaton field to modify the sphaleron transition rate.
We note that this is modified by the decay of the Higgs condensate; however, as discussed above, the Higgs condensate does not typically thermalize until after reheating. Fig. 8 demonstrates the effect of thermalization on the equilibrium density. However, since the lepton asymmetry will be generated primarily during the first oscillation of the Higgs VEV, the effect of the thermalization of the Higgs condensate is negligible.
VIII. RESULTING ASYMMETRY
In this section, we consider the lepton asymmetry produced by these Higgs-neutrino interactions during the relaxation of the Higgs VEV, as outlined above. We present four numeric examples, covering both IC-1 and IC-2, along with the scale of the O 6 operator Λ n set to the temperature T (motivated by thermal loops) and a constant M n (motivated by loops of heavy fermions). This expands the analysis of [1] , which only considered two such scenarios. In all scenarios, we use the improved Boltzmann equation (61), with the cross sections calculated in Appendix B, and the improved calculation of the Higgs condensate equation of motion. We show the timeevolution of the lepton asymmetry in all four scenarios; subsequently, we present an analysis of the parameter space in which a sufficiently large late-time lepton asymmetry can be generated.
An analytic approximation for the asymmetry calculated here numerically can be found in [1] , which we summarize here. The Boltzmann equation (61) can be analyzed in two regimes: during the relaxation of the Higgs vacuum expectation value, during which ∂ t φ 2 is significant and E 0 (t) = 0, and the subsequent cooling of the universe, during which E 0 = 0. The reactions shown in Fig. 7 are typically out of thermal equilibrium by the end of Higgs relaxation, due to the exchange of the heavy right-handed neutrino, which suppresses washout. One may approximate the potential as V ∼ λφ 4 , with an effective running coupling λ as in [17] . The final asymmetry
where t rlx and T rlx as the time and temperature at the end of Higgs relaxation, and σ R ≈ 10 −31 GeV −2 approximates the the cross section given by equation (B5). This estimate includes the dilution due to entropy production during the ongoing reheating process.
A. Four Numerical Examples
In this subsection, we present the lepton asymmetry as a function of time for the four scenarios mentioned above. First, we consider two scenarios for IC-1 in Fig. 9 , one with Λ n = T (blue, solid) and one with Λ n = M n = 10 14 (red, dashed) for the relevant scales in the O 6 operator. Both scenarios have a maximum temperature of 6 × 10
13 GeV, since they share the inflationary parameters Λ I = 10
15 GeV and Γ I = 10 9 GeV. As in Fig. 5 , the initial Higgs VEV is 10 15 GeV in both cases, which is set by the location of the second minimum in the Higgs potential. Although the asymmetry η oscillates during the first few oscillations of the Higgs VEV, it relatively quickly settles into a steady state, and approaches a constant value around the beginning of the radiation dominated era. Note that the Higgs field begins to oscillate before the time of maximum reheating.
As mentioned above, the cross section depends primarily on y 2 /M R which is fixed by the light neutrino masses. As mentioned above, we require T M R in order to suppress the thermal production of right-handed neutrinos; 16 GeV and ΓI = 10 8 GeV. From left to right, the dotted lines correspond to the time of maximum reheating, the first time the Higgs VEV crosses zero, and the beginning of the radiation dominated era.
we found that it was sufficient to set M R = 9×10 15 GeV, which results in y ∼ 1.7 using equation (55) . (This gives y 2 /4π ∼ 0.2, within the perturbative regime.) The late time asymptotic asymmetry is η ∼ 10 −7 for Λ n = T and η ∼ 10 −8 for Λ n = M n = 10 14 GeV; this is expected as the temperature is lower than M n . We discuss the variation of the final asymmetry over parameter space below.
First, however, we present similar results for the IC-2 scenario, again for the two cases Λ n = T (blue, solid) and Λ n = M n = 5 × 10 12 GeV (red, dashed). Both plots have the inflationary parameters Λ I = 10 16 GeV and Γ I = 10 8 GeV, which results in a maximum temperature of 10 14 GeV during reheating. We again take N last = 8 to determine the Higgs VEV at the end of inflation; this results in φ 0 = 10 13 GeV for the Higgs VEV as the start of Higgs relaxation. (We emphasize that this choice, with M n < φ 0 and M n < T , raises questions regarding the use of effective field theory, which we address below.)
In order to suppress the thermal production of righthanded neutrinos, we have taken M R = 10T max = 10 15 GeV; in order to produce left-handed neutrino masses on the scale of 0.1 eV, the neutrino Yukawa coupling must be 1.9. (This gives y 2 /4π ≈ 0.3.) The final asymmetries here are of order 10 −14 (for Λ n = T ) and 10 −12 (for Λ n = M n = 5 × 10 12 GeV). As M n is generally smaller than the temperature, it is not surprising that this results in a larger asymmetry. These values are insufficient to account for the observed matter-antimatter asymmetry; this motivates a search of the available parameter space.
B. Parameter Space
In two of the four scenarios above, the resulting lepton asymmetry is O(10 −8 ) or larger, which is sufficient to explain the observed baryon asymmetry. However, it is interesting to explore the resulting asymmetry as a function of parameter space; results are shown in Figures 11,  12 , 13, and 14.
As above, we handle the initial conditions with the operator and scale given in II A for the IC-1 plots, and as discussed in II B with N last = 8 for the IC-2 plots. We emphasize again that the resulting asymmetry is sensitive to y 2 /M R , which is set by the left-handed neu- trino mass scale, and not on the specific value of M R . However, to suppress thermal production of right-handed neutrinos, we have chosen M R = 10T max (for IC-1) and M R = 20T max (for IC-2). We have then set the neutrino Yukawa coupling y by the scale of the left-handed neutrino masses (equation (55)). We have noted in gray the regions in which the perturbativity condition y 2 /4π < 1 fails.
For the IC-1 plots, the post-inflationary Higgs VEV φ 0 is determined entirely by the operator which lifts the second minimum to generate the quasistable vacuum; for the operator and scale in II A, the Higgs VEV relaxes from φ 0 = 10 15 GeV. For IC-2, φ 0 is determined by the Hubble parameter during inflation, which is in turn fixed by the energy density in the inflation field (see equation (6) ).
First, we remark on some general features. The asymmetries generated in the IC-2 scenario are smaller than those generated in the IC-1 scenario. This is because in IC-1, the Higgs VEV does not evolve until the temperature is sufficiently large to destabilize the false vacuum; consequently, the initial evolution of the VEV to zero occurs at higher temperatures. (Compare the vertical lines significantly the first Higgs VEV crossing and maximum reheating in Figures 9 and 10. ) As a result of the higher temperature, the system is driven towards equilibrium at a faster rate (through the Boltzmann equation (61)); furthermore, in the Λ n = T scenario, the larger temperature also means that the equilibrium charge density is larger. Figures 11 and 12 show the lepton asymmetry η as a function of parameter space, in the case in which the scale of the O 6 operator is a constant M n . To reach comparable asymmetries in the IC-2 scenario, we must decrease the scale M n significantly, such that throughout this plot, M n < φ 0 and M n < T max . In the IC-1 plot, these conditions fail below the red dashed line and blue solid line respectively. In these regions, the use of effective field theory in generating the operator (45) is questionable. An ultraviolet completion of the model is necessary to obtain a reliable description of the dynamics in the regime where the temperature exceeds the scale M n . We leave such a completion, which would also elucidate the nature of the new physics leading to the appearance of the O 6 operator, for a future work.
We focus on the region of Fig. 11 for which the asymmetry η is larger than 10 −10 and M n > 0.1T max . We see that this favors smaller values of Γ I . However, for a given Λ I , there is a minimum Γ I , for which the maximum temperature is insufficient to destabilize the second vacuum. For the parameters considered here (Λ I = 10
15 GeV and the lift operator given in II A), this occurs for Γ I = 6.3 × 10 8 .
Next, we consider the case in which the scale of the O 6 operator is set by the temperature, in Figures 13 and 14 . This parameter space has one fewer parameters, and so we allow Λ I to also vary, which changes the Hubble parameter during inflation. For IC-2, increasing H I results in a larger value of φ 0 , as described by (6) , which increases the resulting asymmetry. This also increases the temperature scale, resulting in a larger asymmetry, as is evident in both figures. (We also note that for IC-1, we must take care that quantum fluctuations during inflation do not destabilize the second vacuum; this is shown in orange in Fig. 13.) As mentioned above, if the reheat temperature is sufficiently small, thermal corrections are unable to destabilize the second vacuum, and therefore this is no relaxation of the Higgs VEV. This region is denoted in white in Fig. 13 . Furthermore, in the region in which M R < φ 0 , right-handed neutrinos can be copiously produced by the decay of the Higgs condensate, which is not desirable (as concerns the lepton asymmetry production scenario presented here); this region is denoted in yellow. Furthermore, if Λ I is too small, there is insufficient inflation to account for the observed flatness and uniformity of the universe; this region is shown in blue on both figures.
In IC-2, there is a further concern that the Higgs VEV can probe the second, deeper minimum at large VEVs. This may not be a phenomenological problem [53] , but would require a refinement of the analysis presented here. (Alternatively, N last could be decreased, such that φ 0 remains below the instability scale.) This region is shown in purple in Fig. 14. We see that for IC-1, it is possible to find parameter space in which a sufficiently large asymmetry is generated, but this is not possible for IC-2. For IC-1, smaller Γ I values are favored (and consequently, slower reheating), as for constant Λ n . Thus far, we have analyzed the production of an excess of leptons over antileptons; here we discuss how this is converted into a baryon asymmetry. First, though as the universe continues to cool, the Standard Model degrees of freedom go out of thermal equilibrium; the resulting entropy production reduces the asymmetry by about two orders of magnitude.
This process has produced a net density of (B − L) charge, which is unchanged once these processes are negligible. However, the (B + L) U (1) symmetry is anomalous, and electroweak sphalerons will redistribute the excess between leptons and baryons as in standard leptogenesis [51] , at a rate per unit volume
At small vacuum expectation values, the B and L densities approach their equilibrium values, n B = (28/79)n B−L . This produces a baryon asymmetry of about the same order of magnitude as the lepton asymmetry found above. Consequently, the regions of parameter space that generate η ∼ 10 −8 in the analysis above give a final baryon asymmetry matching the observed value of O(10 −10 ).
IX. CONCLUSIONS
In this paper, we have extended the analysis of Ref. [1] , which introduced a novel leptogenesis possibility in which the lepton asymmetry is as a consequence of an effective chemical potential induced by the post-inflationary relaxation of the Higgs field. Although right-handed neutrinos participate in the lepton-number-violating interactions as a mediator, this is different from the typical leptogenesis scenario in which the asymmetry is produced via the decay of right-handed neutrinos. Even though the heavy right-handed neutrino suppresses the cross section which produces the asymmetry, we have shown parameters for which a sufficiently large the asymmetry is generated.
We have analyzed the evolution of the Higgs condensate in detail, including both non-perturbative and perturbative decay. We have derived the relevant Boltzmann equation which governs lepton number, and we have replaced the order-of-magnitude estimate with a tree-level scattering cross section between Higgs bosons and neutrinos in the thermal plasma. Furthermore, we have considered the evolution of the lepton asymmetry for four combinations of producing the large Higgs VEV during inflation (IC-1 and IC-2) and the scale of the O 6 operator (a fermion mass scale M n and the temperature T ); we then presented an analysis of the asymmetry as a function of parameter space. We demonstrated regions which produces a baryonic asymmetry that meets or exceeds observational limits.
